Abstract Ultracold plasma provides a possible route to approach the strongly-coupled regime under laboratory conditions. Normally, the lifetime of ultracold plasma is very limited due to plasma heating and expansion mechanisms. We present a new method to generate long lifetime ultracold plasmas consisting mainly of cations and anions. This plasma demonstrates a capability of traversing a DC barrier of up to 5 (or −3) V. The lifetime of this plasma is expected to be more than 250 µs. Finally, molecular dynamics (MD) simulation is used to explain how anions slow the expansion rate and prolong the lifetime of this plasma.
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Introduction
Ultracold plasma provides one of the most promising routes to approach the strongly coupled regime. In an ultracold plasma system, electron temperatures spread in a range of 1-1000 K, and ion temperatures spread from tens of milli-Kelvin to a few Kelvin [1−4] . Ultracold plasma represents a new frontier in the study of plasma, and blurs the boundaries between plasma, atomic, condensed matter and low temperature physics [2, 4] . Ultracold plasmas also attract attention for their degree of charged-particle correlation, which is otherwise only found in thermo-nuclear explosions and cores of dense stars such as white dwarves and giant gas planets. The most exciting phenomenon is the possibility of creating a controllable and detectable strongly coupled system [2] in ultracold plasma, which will be helpful for the study of intense field physics, astrophysics, and nuclear fusion. We present in this paper a novel experimental work of generating long lifetime (up to 250 µs) ultracold plasmas consisting mainly of cations and anions.
Ultracold plasma can be formed by laser photon ionization of cold atoms (molecules) [1−4] or spontaneous ionization of dense Rydberg gas [5−8] under magneto-optical trap (MOT) or supersonic beam conditions [9−13] . Detailed experimental arrangement and methods for MOTs have been reported clearly by several groups [2,8−11] . E. R. Grant [13−15] and K. MullerDethlefs [16] reported the method to create ultracold plasma in a supersonic NO (nitric oxide) molecular beam. Experimental methods to generate much denser and colder plasma and to extend its lifetime are valuable for studies of strongly coupled phenomenon. To our knowledge, the reported lifetime of ultracold plasma generated using an MOT is tens of microseconds at most; while the lifetime of the ultracold plasma generated in our experiment is up to 250 µs. In our experiment, ultracold plasma was generated from a supersonic beam in a significantly different way from that used by E. R. Grant [13−15] . In our experiment, molecules were photoionized in the high density region near the nozzle, and a significant anion signal was observed; while in the earlier work of the Grant group, NO molecules were photoionized after a skimmer (in the detection camber) where the NO density was rather low, and there was no detected anion signal [13−15] . The NO density played an important role in anion generation, and abundant anions then slowed down the plasma expansion rate and extended its lifetime. Moreover, this might be a promising route to generate intense anion sources [17, 18] .
2 Experimental setup Fig. 1 shows a schematic diagram of the experimental setup. The centers of the general valve, skimmer, extraction grids, and MCP (micro channel plate) were accurately aligned along the same line. A 6 mm diam-eter skimmer was placed 62 mm away from the general valve to form differential pumping between the source chamber and the ion-flight chamber. A series of stainless steel plates (with 30 mm separation between adjacent plates) were placed after the skimmer in the ionflight chamber, each plate had a hole of 30 mm diameter at its center and this hole was covered by a copper extraction grid to give a well-defined electric field. Each extraction grid could be either grounded, or be applied with a DC (or pulsed) voltage through its linked plate. There was a field free region of 0.5 m between the last extraction grid and the grounded grid in front of the MCP. Fig.1 Schematic diagram of the experimental setup. The laser crossed with the molecular beam 20 mm after the nozzle, downstream a skimmer which divides the vacuum chamber into a source chamber and a detect chamber, and then four grids (with 30 mm separation between adjacent grids) are placed after the skimmer. Grid 1 can be grounded, or be applied with a small DC voltage, grids 2 and 3 are applied with pulsed voltages to make a Wiley-McLaren TOF, grid 4 is grounded to form a half meter field-free region between grid 4 and the MCP. Small black balls represent electrons; green balls represent anions; and light yellow balls represent cations. When the charged particles arrived in the extractive region between grid 2 and grid 3, they will be driven by the pulsed voltage towards a different direction, and particles with interesting polarity can be detected by the MCP (Fig. 1 demonstrates the situation for cation detection. The circles with different colors correspond to electrons, anions and cations) A 1:8 mixture of NO and Ar buffer gas with backing pressure of ∼5 bars was introduced into the source chamber through a general valve with a nozzle of 0.5 mm. The buffer gas presented a cooling mechanism not available in an MOT, thereby improving prospects for higher correlation.
A laser beam was crossed with the molecular beam 20 mm after the nozzle. The third harmonics of a Beamtech SGR20 Nd:YAG laser was used to pump a Pulsare Excellent 2400 dye laser. The YAG laser operated at 20 Hz with a pulse width of 7 ns. Coumarin 460 dye was used to generate laser radiation of wavelength of 452.6 nm. After frequency doubling, the UV light from the Coumarin 460 dye had a typical energy of 0.2 mJ/pulse. A 400 mm focus lens was used to focus the UV light onto the molecular beam in a spot of ∼0.4 mm.
The adiabatic expansion of the supersonic NO beam could cool down the molecule translational and rotational temperature. This cooling effect will continue even after the photo ionization, and cool down the temperatures of cations and anions. Fig. 2 shows the REMPI (resonance-enhanced multiphoton ionization) spectrum of a NO seeded supersonic beam of Ar with the ratio of 1:8. All of the three peaks in this spectrum were originated from an N =1 state of the X 2 Π (ν =0) state. This suggested that the population of excited states of the X 2 Π (ν =0) state was negligible. According to the Maxwell-Boltzmann distribution:
where B is the rotation constant, N is the rotational quantum number, T R is the rotational temperature, we could conclude T R of NO from its rotational distribution. As most NO populated on the N =1 state, we could find that T R is less than 2.5 K. Normally the translational temperature T is not more than T R , so the T of NO at the ionization point is less than 2.5 K. This is consistent with the result of E. R. Grant's work [14] . The wavelength of the laser is then tuned to the position where the REMPI efficiency is largest to achieve the highest ion density.
Based on the polarity of the voltage applied, MCP can detect anions (and electrons) or cations. In order to get better resolution, pulsed voltages were simultaneously applied on grid 2 and grid 3 to make a WileyMcLaren extraction scheme [19] . The theoretical flight time of charged particles in a typical Wiley McLaren TOF system was clearly analyzed in Ref. [19] . If the thermal energy of charged particles was ignored, their flight time could be simply determined by:
Here m is the mass of charged particles, U t is the terminative energy of charged particles, U 1 and s are the accelerate voltage and the distance between grid 1 and grid 2, U 2 and d are the accelerate voltage and the distance between grid 2 and grid 3, D is the free flight distance between grid 3 and MCP detector, in our condition, D=500 mm, s=d=30 mm, while U 1 and U 2 could be adjusted using a pulsed high voltage power supply. In order to obtain the accuracy of TOF spectrometry, the laser firstly radiated onto the region between grid 2 and grid 3 where the molecule density was rather low, and the laser power was reduced until the narrowest linewidth of TOF signal was achieved. The experimental flight time of NO + was 7.93 µs in the case where grid 2 was applied with 1200 V and grid 3 applied with 921 V, and theoretical flight time was 7.81 µs, which means that the accuracy of our TOF spectrometry was about 1.5%, which is accurate enough for NO plasma experiments.
Results and discussion
All experimental results presented in this paper were obtained under the condition that the laser crossed with the molecule beam 20 mm downstream of the nozzle as shown in Fig. 1 . Fig. 3 shows the TOF spectrum obtained by using a one-color two-photon REMPI process, signal was observed under the condition that the first grid was grounded, a pulsed voltage of 1200 V was applied on grid 2, and a 921 V pulsed voltage was applied on grid 3. The pulsed voltage was switched on about 300 µs after the laser firing, so that the dense part of ion clouds (plasma) arrived in the region between grids 2 and 3. The ions' TOF spectrum clearly showed signals of NO + , (NO) + 2 (labeled as P1 and P2 in Fig. 3 ). Fig.3 TOF spectrum of cations in the case where grid 1 was grounded, a pulsed voltage of 1200 V was applied on grid 2 and a 921 V pulsed voltage applied on grid 3. The laser wavelength was tuned to the position of strongest REMPI signal; pulsed voltage was switched on about 300 µs after laser radiation, and the starting time of the pulsed voltage was taken as time zero for the TOF spectrum Compared with Fig. 3 , the anions TOF spectrum collected using a similar method but with different polarity voltage (−1200 V on grid 2 and −921 V on grid 3) was much more complex, as shown in Fig. 4 . There were more peaks than that for cations, and the significant ones are labeled as P1-P3, as assigned in Table 1 , from which we could find that abundant NO − 2 were produced.
Under our experimental conditions, the molecular beam had a typical speed of around 600 m/s, and the kinetic energies were less than 100 meV for NO + and NO . 6 ). Fig.4 TOF spectrum of the generated anions in the case where grid 1 was grounded, a pulse voltage of −1200 V was applied on grid 2 and a −921 V pulse voltage applied on grid 3. The MCP was set in anion detection mode, and other conditions were the same as assigned in Fig. 3 Fig .5 Positive ion TOF signals collected after they pass different DC potential barriers applied on grid 1. Other conditions were the same as assigned in Fig. 3 . All the units were arbitrary but identical (the signals in the case of 3 V, 4 V and 5 V DC were amplified 10 times for clarity)
In Figs. 5 and 6, the time when the high voltage pulse switched on was always taken as time zero for all TOF spectra. The DC voltages were labeled on related spectra. The baseline of each spectrum had a different shift to give a better view of spectra, and the TOF spectra of positive ions with 3 V, 4 V and 5 V voltages were multiplied 10 times for clarity. When positive DC voltage up to 5 V was applied on the first grid, there were still significant cation signals being detected. Similarly, even when a negative DC voltage up to −3 V was applied on the first grid, there were still significant anion signals being detected, and the TOF spectra of anions presented a very similar structure. Fig.6 Anion TOF signals collected after they pass different DC potential barriers applied on grid 1. Other conditions were the same as assigned in Fig. 4 . All the units were arbitrary but identical (the signals in the case of −2 V, −3 V DC were amplified 2 and 5 times for clarity)
This phenomenon indicated that the ion cloud generated in our experiment was not individual ions, but had significant collective characters. It is proposed that the ion cloud in this experiment is a kind of plasma. Only plasma could survive and pass this DC barrier; being broken and accelerated by the following pulsed high voltage, and finally being detected. In Fig. 6 , even when the first grid was grounded, there were no significant signals within the range of a few hundred ns, this suggested that there were no free electrons in this ion cloud (or the electron number was really low); therefore this plasma consisted mainly of cations and anions when they passed grid 1.
At the moment the laser ionizes cold dense NO molecules, there should be large amount of cations, electrons and anions generated, and the initial plasma also generated. The initial plasma characters could be estimated based on our experimental condition: total molecule beam density in the laser irradiation area should be higher than 6×10 14 cm −3 (the minimum density of molecules in expansion chamber), and thus NO density should be higher than 6×10 13 cm −3 . Under our experimental condition, the photon density is much higher than the density of NO molecules. This fulfilled the saturated exciting condition, and 25% of NO molecules were excited to A 2 Σ + (ν =0) state, and then half of the NO molecules in A 2 Σ + state were ionized by the second photon. We could simply estimate that the electron density should be 7.5×10 12 cm −3 when laser irradiates, and the A 2 Σ + NO density and NO + should be 7.5×10 12 cm −3 too. In such a multiple photon ionization process, the kinetic energy of a generated NO + cation will be similar to that of a NO molecule, i.e., <2.5 K, while the electrons generated could be divided into two groups [20, 21] : slow electrons with near zero energy and fast electrons with 1.5 eV (∼17000 K) energy, the electrons Debye radius D e = ε 0 K B T e /e 2 ρ e < 5 µm, which is much smaller than the laser irradiation volume (0.4 mm, the initial plasma volume), so the plasma was generated just after the photo ionization process.
According to Compton [20, 21] , fast electrons, slow electrons and Rydberg electrons could be generated in such an REMPI process. Slow electrons and Rydberg electrons can be attached to neutrals to form anions [22, 23] . The plasma environment and low electron energy could promote the dissociative recombination (DR) of NO + and electrons [15] , which could produce N and O radicals. Additionally, in the case where the excited energy was larger than the first ionization potential, the predissociation process could compete with the autoionization of Rydberg NO [24, 25] , hence there would be some N and O radicals generated in our experiment through a two-photon process. The cross section for these fast electrons to attach to NO to form NO − is negligible, they might either evaporate with the expansion of plasma, or be attached (dissociative attachment) to A 2 Σ + state NO to form N and O − radicals [26] . The radicals generated in the above processes could finally be attached to NO − or NO (or polymer) to form different anions. During this process the free expansion of a supersonic beam could cool down the translational temperature of cations and anions, and finally obtain a temperature similar to that of NO molecules (<2.5 K). Therefore the plasma finally evolves into a kind of ultracold plasma consisting mainly of cations and anions, that is why no signification electrons were detected in Fig. 6 . This paper mainly focused on the new type of ultracold plasma consisting of cations and anions, so the formation mechanisms of anions are only briefly presented here. The detailed formation mechanisms such as dissociative recombination (DR) of NO + and electrons [15] , dissociative electron attachment (DEA) of A 2 Σ + state NO [25, 26] and their contribution to anions formation will be studied in another paper. The high density of charged particles in a plasma environment could increase their collision possibility, promote DR and DEA and finally facilitate the formation of anions.
There have been many reports on large numbers of anions generated in normal temperature and cold plasma, which could be formed by adding electron accepters in microwave discharge, arc discharge or plasmas generated by other methods [27−30] . However, there are no experimental reports on ultracold plasmas consisting of cations and anions. In our experiment, ultracold plasma consisting of cations and anions was generated by an REMPI process of NO under supersonic beam condition.
In the case of normal plasma consisting of cations and electrons, due to the large mass difference, the electrons will take up most thermal energy and evaporate quickly, causing local charge imbalance; so the expansion rate of plasma is very large, which is unfavorable to a long plasma lifetime. In contrast, if a portion of electrons were replaced by anions, the expansion rate of plasma could be reduced significantly, and this could finally help to increase plasma lifetime. Moreover, the major heating mechanisms, i.e., three-body recombina-tion and disorder induced heating mechanisms caused by electrons, could be reduced as the total number of electrons decreases [2] . In our experiment, the distance between the laser irradiated spot and grid 1 was about 150 mm, and thus the plasma should take about 250 µs after laser radiation to reach grid 1 and pass the DC barrier applied on grid 1. The fact that we could detect anions and cations after the plasma passed the DC barrier on grid 1 indicated that this plasma could last 250 µs or more.
To demonstrate the effect of anions in the plasma, we used the classical molecular dynamics (MD) method to simulate the expanding dynamics of ultracold anions and ions with different mixing ratios. The detailed model was described in earlier papers [31] , the force on a given particle from each of the other particles was calculated directly and only the Coulomb interaction was taken into consideration. The trajectories of all cations (anions) were determined numerically by solving Newton's equations of motion step by step with ∆t=5×10 −13 s. In all simulations, the temperatures of anions and cations were initialized to 2.5 K, and anions and cations were all initially placed randomly in a spherical cloud with a Gaussian distribution σ=0.84×10 −5 m. Due to the large mass ratio of cations (anions) to electrons, the average speed of electrons is several orders of magnitude higher than those of anions and ions, so most electrons will evaporate and take away most thermal energy in tens of nanoseconds, while the motions of cations and anions are negligible in this time span [2] . This process will generate a new kind of plasma consisting mainly of cations and anions, which is confirmed by the absence of electrons in Figs. 4 and 6. Hence the effect of electrons will decrease rapidly as time passes. In our condition the Coulomb effect of cations and anions will dominate the long timescale expansion process of plasma, and the effect of electrons was neglected in our simulation.
Three initial conditions with different initial numbers of anions and cations are simulated and compared: a. there is only 10240 cations but no anions (the peak cations density n 0 =10 18 m −3 ); b. there are equal number of anions and cations (10240 cations and 10240 anions in the simulation); c. there are more cations than anions, which is similar to the real experimental situation. To describe the degree of expansion, we plot the space distribution of cations and anions 0.5 µs after plasma generation in Fig. 7(a) and (b) , and depict the evolution of their number-median radius r med in Fig. 7(c) and (d) .
Due to open boundary conditions, the long evolution times of ultracold plasmas and the attractive nature of the Coulomb interaction, a full MD simulation of such long lifetime plasma needs a rather huge amount of calculation. Many more improvements and reasonable simplifications are necessary to provide a stable solution in such long lifetime strongly coupled plasma conditions. In this paper, we just simulate the first microsecond expansion of the generated plasma. This is not enough for describing the characters of this plasma, but can clearly show the charged particle's expansion rate and the effect of anions. Fig.7 The MD simulation density distribution after 0.5 µs and the evolution of median radius in 1 µs. All simulations were carried out for the same NO + number but with different anion numbers
In condition a, within 0.5 µs the number density of anions decreased dramatically. In condition b when there are equal number of anions and cations, the overall Coulomb force is almost balanced; and the expansion is mainly determined by the ion temperature. For the case in which the temperature of both anions and ions are very low, the ion density will decrease very slowly as shown in Fig. 7 (the line of anions and cations are exactly the same in this situation). In condition c, the density of 10240 cations will decrease rapidly down to a number similar to that of anions, while the density of anions will decrease much more slowly until the numbers of anions and cations approach to the same value; and then the number density of cations and anions will both decrease very slowly. The slopes in Fig. 7(c) and (d) represent the expansion rates. Therefore, we can conclude that when there are no anions, plasma has the fastest expansion rate, followed by the case of more abundant cations with fewer abundant anions with the mixing ratio of 1/10, and then the case with mixing ratio of 1/5 and 2/5; when there are equal number of anions and cations, plasma has the slowest expansion rate. The simulations demonstrated that the mixture of anions and cations can efficiently reduce the limitation on the maximum number density of cations or anions; after 1 µs the density of mixed ions is 3.5 orders of magnitude higher than that in the case of purely cations or anions; this is why the lifetime of this kind of plasma can be efficiently prolonged.
Conclusion
Creating long lifetime, strongly coupled plasma is an important target for many physicists [2] , but heating mechanisms, such as three-body recombination and disorder induced heating, will heat up electrons in time span of nanoseconds, followed by local charge imbalance and the heating-up of ions. As the plasma is heated up, it also experiences fast expansion, and the expansion rate is approximately proportional to the square root of electron temperature; therefore it is very difficult to keep the strongly coupled ultracold plasma to last longer than tens of nanoseconds. However, for plasma consisting mainly of anions and cations, the heating process due to three body recombination is almost eliminated, while the disorder-induced heating process is very much slowed down due to the fact that anions are much heavier than electrons. Therefore the plasma consisting mainly of cations and anions could maintain a relatively lower temperature for a longer time than normal ultracold plasmas, so its lifetime could be extended. This experimental work might be helpful for studies on strongly-coupled phenomenon and intense field physics, as it helps to generate a long lifetime strongly-coupled plasma environment.
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